Polar crystals composed of charged ionic planes cannot exist in nature without acquiring surface changes to balance an ever-growing dipole. The necessary changes can manifest structurally or electronically. An electronic asymetry has long been observed in the LaAlO3/SrTiO3 system. Electron accumulation is observed near the LaAlO3/TiO2-SrTiO3 interface, while the LaAlO3/SrO-SrTiO3 stack is insulating. Here, we observe evidence for an asymmetry in the surface chemical termination for nominally stoichiometric LaAlO3 films in contact with the two different surface layers of SrTiO3 crystals, TiO2 and SrO. Using several element specific probes, we find that the surface termination of LaAlO3 remains AlO2 irrespective of the starting termination of SrTiO3 substrate surface. We use a combination of cross-plane tunneling measurements and first principles calculations to understand the effects of this unexpected termination on band alignments and polarity compensation of LaAlO3/SrTiO3 heterostructures. An asymmetry in LaAlO3 polarity compensation and resulting electronic properties will fundamentally limit atomic level control of oxide heterostructures.
When cleaved, oxide crystals composed of charged ionic planes may become highly unstable depending on the crystallographic orientation and the associated charges of the exposured surface. An electric dipole moment that is inherent to the layered structure can emerge, giving rise to a potential that diverges with thickness. [1] Such polar instabilities in nature may be compensated through complicated surface reconstruction processes that include rumpling of the surface atoms, ad-atom absorption, stoichiometric changes or screening charge accumulation. [2] [3] [4] An additional degree of complexity arises when polar crystals are directly in contact with other materials and band alignments influence the reconstruction process. [4, 5] For instance, a curious asymmetry is observed when polar LaAlO 3 films are grown on SrTiO 3 crystals with either an SrO or TiO 2 surface layer. An electron gas appears at the "n-type" SrTiO 3 -TiO 2 /LaAlO 3 interface for LaAlO 3 thicker than 4-6 unit cells (u.c.), but the "p-type" SrTiO 3 -SrO/LaAlO 3 interface is insulating. [6] [7] [8] Accumulation of free charge at the n-type interface is thought to play a role in screening the dipole across LaAlO 3 . [9-11] Analogously, a dipole is also expected to form across LaAlO 3 for the p-type system requiring positive charge at the interface for screening, but experimentally the interface is insulating. [6, 9] One study suggests that localized oxygen vacancies at the p-type interface may screen the dipole, although the work focused on multilayers, which differ from the bilayer SrTiO 3 /LaAlO 3 heterostructure in both growth dynamics and band alignments. [9] Furthermore, two core level photoemission results show evidence of finite but opposite polar fields across LaAlO 3 for the p-type system, which are smaller than the ideal field for the n-type interface. [12, 13] Hence the origin of the asymmetrical electric properties for the two heterostructures has heretofore remained largely unresolved. A fundamental understanding of the polarization compensation mechanisms in model oxide heterostructures such as SrTiO 3 /LaAlO 3 is crucial for developing controlled interfaces and devices for oxide electronics. [4] Our observations for the p-type heterostructure reveal an unexpected chemical change on the top LaAlO 3 surface, which may carry implications for electronic properties of LaAlO 3 /SrTiO 3 system. For LaAlO 3 films grown on SrTiO 3 (001) single crystals, we expect to obtain SrTiO 3 -TiO 2 -SrO-TiO 2 /LaO-AlO 2 -LaO-AlO 2 -· · · -LaO-AlO 2 for the n-type heterostructure and SrTiO 3 -TiO 2 -SrO/AlO 2 -LaO-AlO 2 -LaO · · · -AlO 2 -LaO for the p-type structure ( Fig. 1(a) ). Assuming formal valencies as labeled in the Figs. 1(a) and 1(b), and using a parallel plate capacitor approximation, a net internal electric field (E ) will appear between every other layer as depicted by arrows. [1, 9] Hence, a diverging dipole requiring arXiv:1801.06284v1 [cond-mat.mtrl-sci] 19 Jan 2018 with and without an additional ionic layer that cancels LaAlO 3 's diverging dipole. (a) The schematic depicts the expected atomic layer stacking for a p-type LaAlO 3 /SrTiO 3 heterostructure. SrTiO 3 terminates with SrO (grey) at the interface, in direct contact with AlO − 2 (yellow). LaAlO 3 terminates at the LaO + (orange) surface layer. Vertical ellipses convey an arbitrary LaAlO 3 thickness. The net charge in the ionic limit is labeled to the left of the LaAlO 3 stack, while the net electric field (E ) is depicted on the right using arrows. The center inset depicts the resulting potential which grows with thickness (blue) for the expected p-type structure. surface reconstructions should be present for both heterostructures, albeit with opposite polarity (see red curve Fig. 1 inset for the p-type system, and Figs. S1 and S2 for the n-type system). In fact, theoretical calculations suggest that the polarity induced defects mechanisms could explain the electronic properties of polar heterostructures such as LaAlO 3 /SrTiO 3 system. [14] In this work, we use a combination of three element specific probes such as Time of flight -ion scattering and recoil spectroscopy (TOF-ISARS), angle resolved x-ray photoelectron spectroscopy (AR-XPS), and high resolution scanning trans-mission electron microscopy (STEM) combined with crossplane transport measurements and first principles calculations to probe the surface composition and its potential effects on polarity of LaAlO 3 for both heterostructures. Although formally we expect an LaO + surface layer for the p-type heterstructure and AlO − 2 for the n-type heterostructure, using AR-XPS and TOF-ISARS, we measure instead an AlO − x surface layer for both systems. STEM studies confirm the findings, and moreover, reveal that the p-type structure acquires an extra AlO − x layer, i.e. an extra half unit cell during growth, as depicted in Fig. 1(b) . Measurements of tunnel current den-sity across the LaAlO 3 layer help us better understand the potential implications for polarity compensation in the p-type structure.
The details of the film growth and characterizations, and theoretical calculations are provided in Supplemental Materials. We begin the experimental studies by confirming the TiO 2 and SrO surface terminations of SrTiO 3 (001) oriented substrates using TOF-ISARS. Two substrates of each termination were prepared using standard techniques. [15] [16] [17] Fig.  2 (a) shows relative intensities of the Ti + /Sr + ratios obtained from the mass spectroscopy of the recoiled ions (MSRI). Single termination is revealed in the form of a clear asymmetry in the ratio of Ti + to Sr + ions at a measurement angle of 45 • , along the [110] direction for the two terminations. As depicted in the inset to Fig. 2 (a), at this angle the Ti + and Sr + ions shadow one another, hence only the topmost layer of SrTiO 3 is probed. [18] [19] [20] At 0 • , the incident beam is aligned along [100] and [010] directions equally along rows of Sr + and Ti + ions. The mixed termination of an untreated SrTiO 3 substrate on the other hand reveals nearly equivalent ratios for the Ti + and Sr + ions at 45 • and 0 • .
Following LaAlO 3 deposition, the surface was probed in situ using the same technique for two of each p-type and n-type heterostructures. Fig. 2 (b) compares LaAlO 3 films grown on the two different SrTiO 3 terminations along with a mixed termination bulk LaAlO 3 crystal with (001) orientation. As noted above, we expect an LaO + surface layer for LaAlO 3 in the p-type geometry and AlO − 2 for the n-type geometry. Instead we find that LaAlO 3 in both the n-type and p-type geometries displays the same Al + /La + ratio, indicating a surface layer rich in Al + . We note a slight decrease in the Al + /La + ratio at zero degrees, indicating a slightly Al + poor surface for the p-type sample, as compared to the n-type sample.
AR-XPS measurements of LaAlO 3 in each heterostructure corroborate the TOF-ISARS findings, clearly revealing an AlO − x termination for both types of interfaces. By varying the angle of electron emission, α, relative to the analyzer (depicted in Fig. 2(c) ), the mean electron escape depth, Λ(α) = Λcos(α), is varied. If an element is closer to the surface, its relative intensity will be enhanced as α is increased. Fig. 2 (d) compares the measured ratio between the areas of the Al-2s and La-4d peaks with simulations using the commercially available SESSA software package, for both heterostructures as well as the mixed termination LaAlO 3 crystal. [21, 22] The ratio increases with α for both heterostructures but remains roughly constant for the mixed termination substrate. This is consistent with SESSA simulations for an AlO 2 (maroon curve) and mixed LaAlO 3 termination (green curve) respectively. The results were reproduced for two additional copies of the samples on two different spectrometers. LaAlO 3 in the n-type geometry terminates with the expected AlO −
x surface layer. If the p-type LaAlO 3 surface were terminated with the expected LaO + layer one would instead expect a decrease in the Al-2s/La-4d ratio with increasing α (Fig. 2(d) , blue curve). However, in agreement with the TOF-ISARS results, we find that just as for the n-type system, LaAlO 3 in the p-type system also terminates with an AlO − x surface layer. Furthermore, we find a slightly reduced ratio of Al-2s/La-4d ratio for the p-type structure than for the n-type structure, again in agreement with the TOF-ISARS results. The two surface probes thus reveal consistent results. In the Supplementary Section, the measured data are further compared to SESSA simulations for a variety of scenarios including off-stoichiometric films or surface layers with La + /Al + ratios above or below unity, as well as Al + rich and Al + poor surfaces. As seen in the Supplementary Section (Fig. S3 ), the best agreement between the SESSA simulations and measured data was achieved for a stoichiomentric LaAlO 3 film grown on either substrate termination of SrTiO 3 with a top surface of AlO − 2 in both cases. To learn about the atomic structure of the entire SrTiO 3 /LaAlO 3 stack and allow the visualization of its layer arrangement, high-resolution STEM imaging was carried out using the aberration-corrected TEAM 0.5 microscope. Crosssectional STEM imaging of the layered architecture for both the p-type (top) and n-type (bottom) heterostructures is shown in Fig. 3(a) , suggesting the presence of atomically abrupt, epitaxial interfaces between LaAlO 3 and SrTiO 3 . The images were acquired along the perovskite pseudocubic direction (surface normal) and exhibit atomic columns with two distinct intensities: the La and Sr atomic columns appear brighter than the Ti and Al columns. Fig. 3(b) shows highangle annular dark field (HAADF) intensity profiles along the line displayed in the corresponding STEM images ( Fig.  3(a) ). The intensity profile clearly shows six and seven AlO − 2 layers for nominally six unit cells of LaAlO 3 film in the ntype and p-type type heterstructures. The extra layer in the p-type heterostructure is highlighted in the image. From the HAADF intensity profiles, and HAADF-STEM images, the interface atomic configurations and the terminations are deduced to be SrTiO 3 -TiO 2 /LaO + -AlO − 2 -· · · -AlO − x for the n-type heterostructure and SrTiO 3 -SrO/AlO − 2 -LaO + -· · · -AlO − x for the p-type structure. The HAADF-STEM results corroborate the TOF-ISARS and AR-XPS results for the AlO − x surface termination for LaAlO 3 in both the p-type and n-type heterostructures, in addition to the SrTiO 3 substrate termination. Most importantly, we learn that an extra AlO − x layer is present for the p-type interface. In this regard, when considering formal valencies and approximating the ionic charge for each layer within LaAlO 3 , an important consequence of the observed surface termination is the existence of a polarity built into LaAlO 3 for the n-type heterostructure (Figs. 1(a) ), but ionically compensated for the p-type system by the extra AlO − x layer ( Fig. 1(b) ). This key difference between the dipoles across LaAlO 3 for the two stacking geometries can be verified using density functional theory (DFT) as shown in Figs. 1C, 1D and Fig. S1 . For a 4 u.c. thick LaAlO 3 film within the expected p-type geometry, Fig. 1C shows the presence of an internal electric field, E reflected in shifts of the O 2p and La 4f bands in subsequent layers to lower energies. The internal electric field is partially screened by lattice polarization that are of opposite sign to the ones observed for the n-type LaAlO 3 /SrTiO 3 system as shown in Fig. S2 . [23, 24] Calculations for a p-type system where an additional AlO 2 layer is added on top of the Fig. 1D . In contrast to the LaO + terminated system, the layer resolved density of states (DOS) shows that E is now canceled and the system is insulating except for some holes in the surface layer that are likely to be compensated by oxygen vacancies. With the presence of an additional AlO − 2 layer on the LaAlO 3 top surface, we find that there is no measureable lattice polarization. Hence, within the DFT simulation, the extra AlO − 2 layer screens the dipole for the p-type system.
While the mechanism for accumlating an addition AlO − 2 layer is unclear and beyond the scope of the present study, we probe the influence it may have on LaAlO 3 polarity. A common method for measuring the electronic signatures of a built-in potential across polar dielectrics entails measuring the tunneling current density (J) across the dielectric layer as a function of thickness, d, within a parallel plate capacitor geometry, i.e., a metal-insulator-metal (MIM) tunnel junction. For a typical insulator in a MIM configuration, when a set bias voltage, V , is applied across the junction, J decreases exponentially with increasing d, thus J ∝ e −d . If however, there is a built-in potential V bi present across the dielectric, the applied V will be offset as V bi grows with thickness. As the thickness of a polar dielectric such as LaAlO 3 varies, any unscreened potential will grow with d bending the bands in the dielectric until the valence band crosses the Fermi level at a critical thickness, d cr , and results in a sudden large increase of the overall tunneling current density, J. Such an increase in J by orders of magnitude was previously observed at a critical thickness for n-type structures. [10, 25] Hence the potential across a polar dielectric can be modulated by changing d to affect V bi , or by modulating the applied bias, V . This phenemonon has previous been observed in wide band gap III-V nitrides and also ferroelectric insulators. [25] [26] [27] Such J vs. d analysis has previously been carried out in great detail for the n-type LaAlO 3 /SrTiO 3 system, in direct analogy to the wide-bandgap polar III-V nitrides. [10, 25] Intriguingly, a d cr LAO was identified at which a sudden increase in J by orders of magnitude coincided with an alignment between the valence band of LaAlO 3 and the SrTiO 3 conduction band, from which a value of 80.1 meV/Å was extracted for the polar field across LaAlO 3 in the n-type LaAlO 3 /SrTiO 3 geometry. For the p-type structures in the present configuration, at V = -0.1 V (n-type ) and 0.1 V (p-type ). As expected, there is an exponential decrease in current up to d LAO = 20 u.c. for both p-type and n-type junctions. However, a sudden increase in J is observed above 20 u.c. as previously observed [10] in the presence of a dipole. J across the p-type junction however continues to exponentially decrease with increasing thickness, revealing no signatures of a dipole. (b) and (c) show schematics depicting possible n-type and p-type Pt/LaAlO 3 /La:SrTiO 3 junction band diagrams with a band misalignment potential V m that remains constant with thickness and V (d LAO ), the potential arising from an unscreened dipole that grows with thickness.
the electrostatic arguments depicted in Fig. 1 predict no V bi across LaAlO 3 , so that J ∝ e −d as for a typical MIM junction. Hence, in stark contrast to the polarized LaAlO 3 in the n-type structure, no sudden increase in J would be expected at a critical thickness for the unpolarized LaAlO 3 in the p-type structure.
In order to verify this hypothesis, we measured the tunnel current density (J) between SrTiO 3 and a Pt electrode evaporated on the LaAlO 3 surface (inset of Fig. 4(a) ), as a function of LaAlO 3 thickness (d LAO ). For the present study, J, was measured as a function of applied bias, V , between the Pt electrode and 0.01% wt La + doped SrTiO 3 substrates, which provide a conducting bottom electrode especially for the insulating p-type interface. Four tunnel junctions on each of seven n-type and p-type samples of varying thicknesses were measured. The doping level of the substrates results in a bulk carrier density below that of the induced electron gas, ensuring that an accumulation of free charge is still required to screen the LaAlO 3 built-in field. Fig. 4(a) shows |J| vs. d LAO as measured for V = 0.1 V for the p-type heterstructures and V = −0.1 V for the n-type heterostructure. We choose the opposite polarity of V for the n-type and p-type systems because a built-in field of opposite polarity would be expected for each (for electrons tunneling from the Pt electrode to the electron gas and vice versa, respectively). [10, 25] While a sudden increase of J, nearly seven orders of magnitude, is found at d cr LAO = 20 u.c. for the n-type heterostructure, as previously observed in Ref. [10] , no such increase in J is found for the p-type heterostructure. As expected, p-type system behaves as a typical MIM tunnel junction, where J ∝ e dLAO . Relaxation of the LaAlO 3 films with thickness [28] cannot alone explain the sudden increase in J measured across the n-type heterostructure at 20 u.c. since the same would also be expected for the p-type heterostructure, but is not observed. We also show reciprocal space maps of the p-type and n-type heterostructures (see Supplementary Section Fig. 5 ) to rule out the possibility of strain relaxation and/or other spurious mechanisms causing this large, abrupt change in the tunneling current density for the n-type structure, but not the p-type structure.
The observed |J| vs. d LAO trend can be understood as follows. Figs. 4(b) and 4(c) illustrate hypothetical band diagrams for two thicknesses of the n-type and p-type systems at V = 0. The net V bi for a given LaAlO 3 thickness, d LAO is the sum of net ionic potential at that thickness V i (d LAO ), plus the potential due to the band-bending resulting from work-function mismatch, V m .
will grow with thickness in the presence of a finite LaAlO 3 dipole until the conduction and valence bands align, giving rise to a sudden increase in J. [10] Hence, in accord with previous results, [10, 25] the blue curve in Fig. 4(a) implies a finite V i (d LAO ) for the n-type system, while the red curve implies V i (d LAO ) = 0 for the p-type system, as sketched in Figs. 4(b) and 4(c). Our results imply that while a dipole can be revealed by externally applying a potential across LaAlO 3 that perturbs the screening charge for the n-type heterostructure, as previously measured, [10] for the p-type heterostructure evidence of an analogous dipole is not detected. Hence it is possible, as suggested by the first principles results above, that the AlO − x layer indeed cancels the LaAlO 3 polarity through an ionic (rather than electronic) reconstruction. Our observations may help explain the lack of conductivity in SrTiO 3 at the p-type interface, though further study by a variety of probes would be required for verification.
Thus, transport measurements suggest that no built-in polarity is present across LaAlO 3 in the p-type configuration with the extra AlO − 2 layer. In light of the transport measurements combined with the discovery of the added AlO − 2 layer, it is tempting to speculate that the extra layer forms as a result of energetics: i.e. it could be energetically more favorable for the system to accumulate an extra AlO −
x top surface layer than to sustain a divergent dipole in the p-type configuration. To this end we note that our result is in agreement with a recent photoemission study where the core level shifts for the p-type system did not qualitatively agree with theoretical predictions (similar to Figs. 1(a) and 1C) , and the authors speculate that negative charge in some form must accumulate on the top surface of LaAlO 3 . [13] Further studies, beyond the scope of the present work are needed understand the origin of the AlO − 2 layer and it's influences on the LaAlO 3 /SrTiO 3 system. For instance, it is possible that the additional AlO −
x layer may accumulate immediately following growth by attracting residual Al 3+ atoms from the depostion atmosphere, or among other scenarios, it is also for instance possible that Al 3+ from the bulk of the film migrates to the surface to form the extra layer following deposition. As shown in the supplementary section, AR-XPS simulations rule out the latter scenario.
In summary, we have shown compelling evidence for an unexpected top surface termination for LaAlO 3 grown on SrO terminated SrTiO 3 , using a variety of element specific probes. Intriguingly the system acquires an additional half unit cell. Results from cross plane tunneling current measurements across LaAlO 3 , and first principles calculations suggest that in the presence of the extra AlO − 2 layer, polarity across the p-type LaAlO 3 /SrTiO 3 is compensated and the system is in electrostatic equillibrium. The observed asymmetry may indicate a basic limitation to bottom up, atomic scale design of material surfaces and interfaces, especially complex oxides, which are subject to various competing degrees of freedom. For instance, we have shown that control of LaAlO 3 's top surface via the well known technique of SrTiO 3 surface termination is non-trivial. Essentially, a single atomic layer (SrO vs. TiO 2 ) can dramatically alter the way in which heterostructures balance various energy scales such as work function mismatch and built-in ionic potentials. Additional studies of polarity compensation and the critical length scales involved are needed for a variety of materials in order to develop a general understanding of the reconstruction processes and dynamics in polar heterostructures.
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